The effect of thioacetamide on dividing cells of regenerating rat liver has been studied. Rats were given daily subcutaneous injections of thioacetamide as a 1 per cent solution at a dosage of 5 rag./100 gm. body weight for 7 to I0 days, subjected to partial hepatectomy, and sacrificed 28 to 31 hours later.
INTRODUCTION
In the course of studying the effect of thioacetamide (CHaCSNH2) on the restoration of rat liver following partial hepatectomy, some interesting cytochemical events were observed (14) . Thioacetamide induces striking increases in nuclear ribonucleoproteins (16) . The nudeolus may enlarge 9-to 13-fold in volume within 10 days of treatment (12) , facilitating the study of nucleolar-chromosomal associations during division. The present investigation is concerned with the effects of the increased nucleolar ribonucleoproteins on various phases of the mitotic cycle.
Materials and Methods
Male and female rats of the Wistar strain, weighing 150 to 200 gin., were given daily subcutaneous injec-* This investigation was supported by Grant C-4077 from the National Institutes of Health, United States Public Health Service. tions of thioacetamide (TA) as a 1 per cent solution at a dosage of 5 mg./100 gin. body weight for 7 to 10 days. Partial hepatectomy was then performed according to the procedure of Higgins and Anderson (8) whereby 70 per cent of the liver was removed. Animals were sacrificed 28 to 31 hours after partial hepatectomy, when the first burst of mitosis reaches a peak. The final TA injection was given 4 hours prior to sacrifice. Salineinjected, partially hepatectomized rats served as controis.
Liver samples were fixed in acetic acid-alcohol (1:3) and stained with azure B, 0.025 per cent, pH 4.0, for localization of nucleic acids (5) . Under these conditions azure B stains deoxyribonucleic acid (DNA) relatively orthochromatically. (blue-green), while ribonucleic acid (RNA) stains metachromatically (purple). Dye binding specificity was checked with deoxyribonuclease (0.15 mg./ml., pH 6.5, 1 hour, 30°C.) and ribonuclease (0.2 mg./ml., pH 6.5, 2 hours, 30°C.) digestion prior to staining. Small pieces of tissue were fixed in buffered OsO4, embedded in methacrylate and prepared for examination with the electron microscope (2).
RESULTS
Normal Regenerating Liver.--Interphase rat liver cells stained with azure B are shown in Fig. 1 . The DNA of the chromosomes stains blue-green, while the RNA of the nucleoli and cytoplasmic components stains deep purple. Chromosomal RNA of rat liver nuclei does not stain with basic dyes under routine staining procedures. From the work of several investigators it appears that RNA is present in chromosomes but in a form often not available for basic dye binding (11, 6, 4, 25) . Thus the metachromatically stained nuclear RNA in the rat liver cell, i.e. the nucleolus, represents a fraction not intimately associated with the chromosomal structure itself. In regenerating liver the nucleoli are typically enlarged, irregular in shape, and contain increased amounts of RNA (24, 20) .
The nucleus increases in volume at prophase. The chromosomes contract into visible threads staining blue-green with azure B. As the nuclear membrane is dissolved the nucleolus disappears. At metaphase the metachromatic spindle contrasts with the blue-green staining of the condensed chromosomes aligned to form the metaphase plate (Fig. 3 ). When such sections are treated with deoxyribonuclease prior to staining, only the spindle fibers and surrounding cytoplasm are stained (Fig. 4) . At telophase the chromosomes form optically homogeneous vesicles which subsequently fuse. As soon as the nuclear membrane becomes visible, distinct RNA bodies appear within the chromosome mass. The number of these granules corresponds to the number of nucleolar organizer regions of the rat, 4 per diploid nucleus (18) . The nucleoli enlarge and often fuse as the daughter cells separate and the reconstruction period commences (Fig. 7) .
Thioacetamide-Treated Regenerating Rat Liver.--
Interphase liver cells of thioacetamide-treated, partially hepatectomized rats, stained with azure B are shown in Fig. 2 . The nuclear volume is greatly increased and the DNA of the chromosomes diluted such that the blue-green staining is barely perceptible. The nucleoli are disproportionately enlarged and dense. They stain metachromatically with increased intensity. As in the control liver cells, the nucleoli are characteristically irregular in shape and tend to contact the nuclear membrane during this period of regeneration.
At prophase the chromosomes contract into visible threads in typical fashion. When the nuclear membrane breaks down, the nucleolus I 2
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TExT-FIGs. 1 to 6. Outline drawings of the micrographs shown in Figs. 3 to 8 respectively. The solid black structures ranging in size from small granules to large bodies represent ribonucleoprotein staining after DNA extraction.
fragments but does not completely disappear. RNA-containing particles of varying sizes may be seen scattered among the contracted chromosomes. At prometaphase the mitotic spindle takes form. The fibers are comparable in diameter to the control spindle. The larger fragments of nucleolar material are often pushed to the edge of the spindle and finally into the cytoplasm. Such fragments frequently persist throughout metaphase (Figs. 5 and 6). When sections treated with deoxyribonuclease are stained with azure B, the chromosomes no longer stain. However, a metachromatically stained skeleton-like outline of the metaphase chromosome plate is often clearly visible (Figs. 5 and 6 ). This is interpreted as representing RNA-containing material at the surface of the chromosomes and not chromosomal RNA believed to be present within the fabric or matrix of the chromonemata. Small RNA granules are also seen lying between the spindle fibers. At anaphase, when the daughter chromatids separate, the RNA-containing granules are rarely seen. Occasionally very fine particles at the edges of the on August 28, 2017 jcb.rupress.org Downloaded from separating chromosome groups are discernible. At telophase, when the chromatids form typical vesicles, increased numbers of fine RNA granules are seen at the cytoplasmic interface and within the chromosomal masses. Toward the end of telophase, RNA bodies appear, corresponding in number to the number of nucleolar organizer regions. The nuclear membrane becomes visible at this time. A striking feature of late telophase in the thioacetamide-treated liver cell is the rapid increase in the size of the nucleoli (Fig. 8) (Figs. 9 and 12 ). The nucleoli of the TA-treated cells are characteristically larger and denser (Figs. 10 and 11 ). There is a fairly sharp line of demarcation between the nucleolar and chromosomal material in contrast to the gradual transition between the two substances seen in the controls. The entire nucleolar outline stands out as a tightly coiled mass of anastomosing threads interspersed with several large vacuoles (Figs. 10 and 11). These vacuoles, which resist all staining procedures (13) , do appear to have some structure (Fig. 13) . In thin sections one can resolve the granular nature of the nucleolar material. The granules of both control and TA-treated nucleoli are similar in size and appear to be arranged along fine threadlike filaments (Figs. 12 and 14) . They correspond to the 100 to 150 A granules previously resolved in nucleoli of various cell types (19, 1, 9) .
Recently Yasuzumi et al. (29) have interpreted the granular elements as representing gyres of the helicoidal filaments of the nucleolonema.
DISCUSSION
The presence of RNA-containing material at the surface of the contracted chromosomes described above does not occur in all dividing cells. There is a wide range of heterogeneity in the response of the liver cells to thioacetamide, such that not all cells show the enlarged nucleoli to the same degree (12) .
Several questions may be raised in analyzing some of the above observations. How can we explain the persistence of large nucleolar fragments within both the spindle and cytoplasm? Does thioacetamide induce the synthesis of a particular species of RNA that is more resistant to dissolution? Or is the dense and massive nature of the nucleolus more difficult to degrade? Is the presence of RNA-containing granules at the surface of the metaphase chromosomes (Figs. 5 and 6) due solely to the fragmentation of the nucleolus followed by an aggregation of the particles onto the chromosomal surfaces? Or does the drug stimulate RNA synthesis in the dividing cell despite the contracted state of the chromosomes?
Electron microscope studies indicate that the basic granular structure of the interphase nucleoli is similar in both control and thioacetamideaffected cells. The increased density and large vacuoles of the nucleoli and the decreased electron density of the chromosomal material in the drugtreated cells no doubt reflect biological differences. Analysis of the purine and pyrimidine bases of nuclear RNA is in progress in order to determine whether a specific kind of RNA is synthesized in response to the drug.
If we assume that the enlarged nucleolus of the thioacetamide-treated liver cell merely makes visible some of the nucleolar-chromosomal associations that normally occur in mitosis, the following scheme may be postulated: A fraction of nucleolar ribonucleoproteins resists dissolution during prophase and becomes associated with the contracted chromosomes through metaphase. At anaphase this material is eliminated or degraded. At early telophase fine RNA-containing granules are prematurely visible within the chromosomal mass as a result of the increased stimulation of nuclear RNA synthesis induced by the drug. This "prenucleolar" material aggregates at specific nucleolar organizer regions in mid-telophase, giving rise to true nucleoli. This interpretation seems probable in view of previous reports on the persistence of nucleolar material through anaphase (30, 3, 22) and the elimination or decrease of chromosomal RNA at anaphase during mitosis (10) and meiosis (23, 26) . Support for an association of nucleolar material with the chromosomes during mitosis comes from the recent work of Woods and Taylor (28). After short exposure of Vicia faba meristems to tritium-labelled cytidine only the nucleoli were on August 28, 2017 jcb.rupress.org Downloaded from labelled, including prophase nucleoli. In prometaphase nuclei, when the nucleolus disappeared, labelled nucleolar material was found associated with the chromosomes. Metaphase and anaphase chromosomes, however, were not labelled, indicating that the nucleolar material normally did not remain associated with the chromosomes for long. In telophase they found the nucleoli were again radioactive. It has generally been believed that nucleolar material starts to reform in midtelophase when the chromosomes are almost fully unravelled. Prenucleolar material has been described as first appearing along the chromosomal surfaces (27, 21) , then to aggregating at late telophase under the control of the nucleolar organizer regions of specific chromosomes (7, 17) . Recently Lafontaine (15) , working with meristem cells of A llium cepa and Vicia faba, has provided the most convincing evidence of this sequence. Using electron microscopy he described prenucleolar bodies at late anaphase scattered between and within the chromosome masses. In the course of telophase, concomitant with the unravelling of the chromatids, a coalescence of the scattered prenucleolar substance occurred resulting in fewer and larger "nucleolar-like" structures. In late telophase nuclei he found only large nucleoli. It is interesting to note that the unravelling or swelling of the contracted chromosomes occurred before the condensation of the prenucleolar substance was seen. On the other hand the synthesis of the prenucleolar material appeared to be initiated in late anaphase, when the chromosomes were still highly contracted. This observation places doubt on the supposition that all synthetic activity of the chromosomes is necessarily blocked when the chromosomes are tightly coiled during mitosis. Studies of ribonucleic acid metabolism utilizing autoradiography with tritium-labelled cytidine are in progress. This approach should contribute to the understanding of nucleolar-chromosomal associations during division beyond the morphological level. Fins. 10 and ll. Electron micrographs of portions of thioacetamide-treated regenerating rat liver cell nuclei. The enlarged, dense nucleoli contain numerous vacuoles. Note the sharp line of demarcation between nucleolar and chromosomal material in contrast to the control shown in Fig. 9 . X 16,500.
Fie,. 12. Higher magnification of the control nucleolus shown in Fig. 9 . The electron dense granules of the nucleolus appear to be arranged along a fine filament (arrows). X 26,500.
FiG. 13. Higher magnification of the nucleolar vacuoles in the thioacetamide-treated nucleolus of Fig. 11 . The vacuoles are composed of relatively electron-transparent material. X 26,500.
Fie,. 14. Higher magnification of a very thin area of a thioacetamide-treated nucleolus. The electron-dense granules of the nucleolus are similar in size and orientation to those seen in the control nucleolus of Fig. 12 
